C erebral palsy is characterized by abnormal control of movement and posture that results in limitation of activity. It is caused by nonprogressive damage or dysfunction of the developing fetal or infant brain 1 and is a leading cause of chronic childhood disability, with profound medical, emotional, and economic consequences. 2 Preterm birth is a risk factor for cerebral palsy, and the magnitude of the risk is inversely correlated with gestational age at birth. 3 During the past 20 to 30 years, the survival of infants born markedly preterm has improved dramatically, and whereas some data suggest that the rate of cerebral palsy among survivors has recently declined, 4 other data suggest that the rate is unchanged 5 or even increasing. 6 At present, approximately one third of cases of cerebral palsy are associated with early preterm birth. 7 The possibility that magnesium sulfate administered to mothers delivering prematurely might prevent cerebral palsy in their infants was first shown in a case-control study 8 in which children with cerebral palsy were much less likely to have been exposed to magnesium sulfate than were control subjects (odds ratio, 0.14; 95% confidence interval [CI] , 0.05 to 0.51). This protective association has biologic plausibility, because magnesium may reduce vascular instability, prevent hypoxic damage, and mitigate cytokine or excitatory amino acid damage, all of which threaten the vulnerable preterm brain. 9 We performed this study to test the hypothesis that the administration of magnesium sulfate to women at high risk for early preterm delivery would reduce the risk of cerebral palsy in their children.
Me thods

Recruitment
This trial was conducted at 20 participating Eunice Kennedy Shriver National Institute of Child Health and Human Development Maternal-Fetal Medicine Units Network sites across the United States. Women were eligible if they were carrying singletons or twins at 24 through 31 weeks of gestation and were at high risk for spontaneous delivery because of rupture of the membranes occurring at 22 through 31 weeks of gestation or because of advanced preterm labor with dilatation of 4 to 8 cm and intact membranes. They were also eligible if an indicated preterm delivery was anticipated within 2 to 24 hours (e.g., because of fetal growth restriction). Women were not eligible if delivery was anticipated within less than 2 hours or if cervical dilatation exceeded 8 cm; in such cases, the intervention was assumed to have little chance of achieving an effect. 10 Additional exclusion criteria included rupture of the membranes before 22 weeks, unwillingness of the obstetrician to intervene for the benefit of the fetus, major fetal anomalies or death, maternal hypertension or preeclampsia, maternal contraindications to magnesium sulfate (e.g., severe pulmonary disorders), and receipt of intravenous magnesium sulfate within the previous 12 hours. The use of tocolytic drugs after randomization was proscribed.
The duration of gestation was determined at entry to the trial according to a previously described algorithm 11 that uses the date of the last menstrual period (if reliable) and the results of the earliest available ultrasound examination. The study was approved by the institutional review boards of each clinical site and the data coordinating center. All participants gave written informed consent before enrollment.
Protocol
Eligible, consenting women were randomly assigned in a double-blind fashion to receive either intravenous magnesium sulfate (a loading dose of 6 g infused for 20 to 30 minutes, followed by a maintenance infusion of 2 g per hour) or identical-appearing placebo. If delivery had not occurred after 12 hours and was no longer considered imminent (e.g., if the woman was not having regular uterine contractions), the infusion was discontinued and resumed when delivery was deemed imminent again (e.g., when contractions developed). If at least 6 hours had passed since the discontinuation of the study medication, another loading dose was given. Retreatment was withheld if preeclampsia or eclampsia developed (in which case open-label magnesium sulfate was administered for seizure prophylaxis), if it was thought that a delay in delivery in order to administer retreatment would be detrimental to the mother or the fetus, or if the gestational age had reached 34 weeks. Adherence to the protocol was monitored at each site on an ongoing basis by the data coordinating center.
Group assignment was made according to a computer-generated random sequence, 12 with stratification according to clinical center and, in twin pregnancies, weeks of gestation (<28 or ≥28). Certified research nurses collected information on the mother's demographic features, medical history, and social history at enrollment in the study. The nurses also obtained data on neonatal and maternal outcomes at delivery and at scheduled follow-up visits when the infant reached 6, 12, and 24 months of age (corrected for prematurity).
Study Outcomes
The primary outcome was the composite of stillbirth or infant death by 1 year of age or moderate or severe cerebral palsy, as assessed at or beyond 2 years of age (with ages corrected for prematurity). Death before 1 year of age was included because it is a competing outcome that would preclude the assessment of cerebral palsy. We considered it possible to make a diagnosis of cerebral palsy at 1 year, although our goal was to make this diagnosis on the basis of the 2-year examination. Those infants who had a normal neurologic examination at 1 year, could walk 10 steps independently, and had a bilateral pincer grasp were declared free of cerebral palsy and, for the purpose of the primary outcome, were considered normal. No further neurologic examination was required for these infants, since, by definition, cerebral palsy is nonprogressive. We chose to include only moderate or severe cerebral palsy in the primary outcome because cerebral palsy of this severity at or beyond 2 years of age portends lifelong motor dysfunction, whereas mild cerebral palsy may resolve. 13 An annually certified pediatrician or pediatric neurologist made a diagnosis of cerebral palsy if two or more of the following three features were present: a delay of 30% or more in gross motor developmental milestones (e.g., inability to sit without arm support by 9.5 months or walk by 17 months of corrected age) 14,15 ; abnormality in mus cle tone (e.g., scissoring), 4+ or absent deeptendon reflexes, or movement abnormality (e.g., posturing or gait asymmetry); or persistence of primitive reflexes or absence of protective reflexes.
When cerebral palsy was diagnosed, the Gross Motor Function Classification System (GMFCS) 16 was used to assess severity. At a corrected age of 2 years or more, a child who was classified as functioning at GMFCS level 2 or above (GMFCS scores can range from 0 to 5, with higher scores indicating greater impairment; children with scores of 2 or above are unable to walk independently) or who did not have the ability to grasp and release a 1-in. (2.54-cm) block with both hands was considered to have at least moderately handicapping cerebral palsy. Mild cerebral palsy was defined as a GMFCS grade of level 1, moderate cerebral palsy as a grade of level of 2 or 3, and severe cerebral palsy as a grade of level 4 or 5.
If children were not available within the 24-to-28-month window for the 2-year examination, efforts were made to reschedule their appointments, regardless of their age. For 28 children who were not evaluated at 2 years of age but were not declared free of cerebral palsy at the age of 1 year, two pediatric neurologists who were unaware of the treatment assignment judged whether the children had moderate or severe cerebral palsy on the basis of a review of the 1-year examination.
Prespecified secondary outcomes included various maternal outcomes and complications; adverse events potentially attributable to the study intervention; neonatal complications; cerebral palsy at 2 years of age classified as mild, moderate, or severe; stillbirth; infant death; and scores on the Bayley Scales of Infant Development II, 17 administered at the 2-year examination by a trained psychologist or psychometrist. Cranial ultrasound examinations were performed on all neonates and were read centrally by three independent pediatric radiologists.
We performed nonprespecified analyses that were stratified according to whether randomization occurred before 28 weeks or at 28 or more weeks of gestation, whether the gestation was singleton or twin, and whether the fetus had been previously exposed to magnesium sulfate. We also performed an analysis of the primary outcome and its components, excluding infants who had major congenital anomalies that were discovered after birth. Before this analysis, a single clinical geneticist (without knowledge of study-group assignment) classified anomalies as major or minor on the basis of a review of the medical records according to standard criteria. 18 
Statistical Analysis
We estimated that the primary outcome would occur in 14% of the placebo group, on the assumption of a rate of death of 6%, 19 899 ed sample of 2000 was deemed sufficient for the detection of a 30% reduction in this outcome, with a type I error (two-sided) of 5% and a power of at least 80%. On the assumption of a 10% rate of loss to follow-up, we established a target sample size of 2200. The data from all patients were analyzed according to the group to which they were randomly assigned, regardless of whether they received the study medication. In any given pregnancy, the primary outcome could be credited only once (i.e., cerebral palsy followed by death counted for only one primary outcome). For all analyses of maternal and primary outcomes, including the components of the primary outcome, the unit of analysis was the pregnancy (i.e., a twin pregnancy was credited with an event if it occurred in either twin). Continuous variables were compared with the use of the Wilcoxon rank-sum test, and categorical variables with the chi-square test, Fisher's exact test, or the Mantel-Haenszel chisquare test for trend. The Breslow-Day test was used to test for heterogeneity of treatment effects across strata. For all other neonatal outcomes, log-binomial regression was performed. The unit of analysis was the neonate, with generalized estimating equations used to adjust for the clustering of neonates within pregnancies. Analyses were performed with the use of SAS software, version 8.2. The group sequential method of Lan and DeMets with the modified O'Brien-Fleming spending function was used for adjustment of the significance level in interim analyses. 21 Four interim analyses were performed; in the final analysis of the primary outcome, two-tailed P values of less than 0.043 were considered to indicate statistical significance. However, since the adjustment is minimal, we reported 95% confidence intervals. For all outcomes other than moderate or severe cerebral palsy and death, a nominal P value of less than 0.05 was considered to indicate statistical significance, and no adjustments were made for multiple comparisons. An independent data and safety monitoring committee monitored the trial and reviewed the interim results.
R esult s
From December 1997 through May 2004, a total of 2241 eligible women were enrolled (Fig. 1) .
The baseline characteristics of the two groups were similar ( Table 1 ). The primary outcome was assessed for 95.6% of fetuses. Ninety-five percent of examinations for cerebral palsy were completed by 32 months of corrected age. In three children who did not have an examination at 2 years, moderate or severe cerebral palsy was diagnosed on the basis of the 1-year examination. The baseline characteristics of the women whose fetuses were lost to follow-up did not differ significantly between the two study groups.
Adherence to the assigned intervention was high, and off-protocol use of magnesium sulfate for tocolysis was infrequent (1.4%) (Fig. 1) . The median total dose of the study drug received by women in the magnesium sulfate group was 31.5 g (interquartile range, 29.0 to 44.6). Six hundred thirty-nine women (28.5%) were not eligible for retreatment. Of the 1602 women (71.5%) who were eligible for retreatment, 947 (59.1%) were receiving the study drug at delivery. The most common reasons that indicated retreatment did not occur were staff error and urgent cesarean delivery.
The primary composite outcome of moderate or severe cerebral palsy or death occurred in 118 (11.3%) of the 1041 pregnancies in which the mothers were assigned to receive magnesium sul- 901 fate and 128 (11.7%) of the 1095 pregnancies in which the mothers were assigned to receive placebo (relative risk, 0.97; 95% CI, 0.77 to 1.23) ( Table 2 ). The risk of giving birth to an infant subsequently receiving a diagnosis of moderate or severe cerebral palsy was lower among women in the magnesium sulfate group than among women in the placebo group (1.9% vs. 3.5%; relative risk, 0.55; 95% CI, 0.32 to 0.95; P = 0.03), whereas the risk of stillbirth or infant death was slightly higher in the magnesium sulfate group than in the placebo group (9.5% vs. 8.5%; relative risk, 1.12; 95% CI, 0.85 to 1.47; P = 0.41). Exclusion of children with major congenital anomalies discovered after birth slightly lowered the relative risk of the composite primary outcome and attenuated the relative risk of death but had minimal effect on the relative risk of cerebral palsy T h e ne w e ngl a nd jou r na l o f m e dic i ne n engl j med 359;9 www.nejm.org august 28, 2008 902 (Table 2) . Scores on the Bayley scales did not significantly differ between the two groups. Cerebral palsy was diagnosed in 41 children from 40 of 942 pregnancies in the magnesium sulfate group (4.2%) and in 74 children from 73 of 1002 pregnancies in the placebo group (7.3%, P = 0.004). The percentages of mild, moderate, and severe cerebral palsy (not including diagnoses at 1 year) were 2.2%, 1.5%, and 0.5%, respectively, in the magnesium sulfate group and 3.7%, 2.0%, and 1.6%, respectively, in the placebo group (P for trend = 0.004). The results of the stratified analyses, including those of singleton and twin pregnancies, were broadly consistent with those of the primary analysis (P>0.05 for all comparisons with the use of the Breslow-Day test) ( Table 3) .
Obstetrical outcomes were similar between the groups (Table 4) . Adverse events, such as flushing or sweating, were more frequent in the magnesium sulfate group. Discontinuation of study medication was more frequent in the magnesium sulfate group than in the control group (4.2% vs. 1.4%, P<0.001). However, there were no lifethreatening events or maternal deaths in either group. For a wide variety of neonatal outcomes, no significant differences between the groups were noted (Table 5 ).
Discussion
We found that treatment with magnesium sulfate in women at imminent risk for delivery between 24 and 31 weeks of gestation had no significant effect on the primary composite outcome of moderate or severe cerebral palsy or death. Magnesium sulfate was associated with a slight but nonsignificant increase in the risk of fetal or infant death and a significant decrease in the risk of moderate or severe cerebral palsy among surviving children. The exclusion of infants with major congenital malformations discovered after birth attenuated the increase in the risk of death.
Two previous randomized, placebo-controlled trials of antenatal magnesium sulfate for fetal neuroprotection are noteworthy. Crowther et al. 22 studied 1062 women at imminent risk for delivery before 30 weeks of gestation. Stillbirth or Preterm labor with intact membranes was the predominant indication for enrollment in those two trials. In our study, such a diagnosis was often considered an indication for tocolysis by the managing clinicians, and thus preterm premature rupture of membranes predominated.
In both the trial by Crowther et al. 22 and the present trial, the 95% confidence interval around the reduced relative risk of moderate or severe cerebral palsy (what Crowther et al. refer to as "substantial gross motor dysfunction") does not include 1; however, because this outcome alone is viewed as a secondary outcome, the result is not statistically compelling.
Other randomized trials of magnesium sulfate administered to mothers for fetal neuroprotection have been much less informative. One small study of 150 women was conducted as a feasibility trial and did not report follow-up rates 24,25 ; its methodologic limitations have been previously detailed. [26] [27] [28] [29] [30] Another trial was not primarily designed to address the question of fetal neuroprotection, and the follow-up rate was low. 31 Neither the present trial nor the trials of Crowther et al. or Marret et al. demonstrated a statistically significant effect of magnesium sulfate on the composite outcome of death or cerebral palsy. Although composite outcomes have their shortcomings, 32 in a trial of this nature they are essential, since, as Crowther et al. noted, 33 "a child cannot have motor dysfunction at 2 years if he or she has already died." An additional reason to include death in the composite outcome is that the small study by Mittendorf et al. 24 suggested that magnesium sulfate significantly increased mortality; this finding was aggressively promoted, 25 even though we and others disputed it. [26] [27] [28] [29] [30] Infants who are at high risk for prematurityassociated cerebral palsy are at even greater risk for death. In our trial, death was three to four times as common as moderate or severe cerebral palsy; this end point dominates the combined end point. Thus, even when the rate of death does not differ significantly between groups (as in the three most pertinent trials), the potential for a difference in the rates of cerebral palsy to result in a significant difference in the rate of the composite outcome is small unless the sample is very large. We anticipated a higher rate of moderate or severe cerebral palsy in planning the trial than we actually observed, and this limited our statistical power to detect a difference in the composite outcome. We speculate that our rigorous diagnostic criteria accounted for this lower rate.
Overall, our study showed no significant effect of magnesium sulfate on the combined end point of death or moderate or severe cerebral palsy. However, consistent with the results of previous trials, our findings suggest that magnesium sulfate may reduce the chance that cerebral palsy will subsequently be diagnosed in a child who was at high risk for preterm birth.
